-.3 IS 


OF POOR QUALITY 


^1TL3 1 0517 ~-£j z .yy 


RESEARCH POSSIBILITIES? NO! 

Needs for Research to Make PV Solar Energy 
Utilization Broadly Competitive 


UNIVERSITY OF PENNSYLVANIA 


M. Wolf 


Two Types of Research Philosophies 


Product- 

Onenled 

Organization 


Research - 
Oriented 
Organization 



Research 

Heeds 


Research 



Possibilities 


MAJOR CRITERION 

FOR 

COMPETITIVENESS: 
PRICE OF ELECTRIC ENERGY 
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ORIGINAL FACE 13 

OF POOR QUALITY 


Multivariable Relationships 




Efficiency 


Useful Operating Life 


The Subsystems 

LIGHT PROCESSOR (CONCENTRATOR. TRACKER) 
MODULE -*• CONVERTER ARRAY 

POWER CONDITIONING 
ENERGY STORAGE 
CONTROL. PROTECTION 
AUXILIARY ENERGY 
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System Characteristics Determine Market 


System Type 

1 

Likely Use * 

1 

Market Size 

Host Likely 
Candidates 

High concentration. 1 

TRACKING | 

VERY HIGH EFFICIENCY. 
CONVERTER 

1 

r 

ARID CLIMATES, . 

CENTRAL STAT»ON 

(attended operation' 1 

1 

LIMITED 

r 

j SINGLE CRYSTAL Al^Aj.jjAs/ 

GaAs 

(SINGLE CRYSTAL Si?) 

MULT I -BANDGAP SYSTEMS 

Flat-plate. 

HIGH EFFICIENCY ' 

LONG LIFE | 

| 

All uses, ■ 

COMMERCIAL INSTALLATION 

1 

LARGEST 

I 

SINGLE CRYSTAL Si 
(MULT I -BANDGAP SYSTEMS?) 

1 

Very low cost, 1 

LOW EFFICIENCY 1 

LIMITED LIFE 

PR IK LY RESIDENTIAL. ' 

DO-IT-YOURSELF INSTALLA- | 
TION - 

LIMITED 

1 THIN-FILM A-Sl 

OTHER THIN FILM SEHtCOND. 

(Cu^nSe/Cd ST 


Research Needs on BOS 


SUBSYSTEM 

NEEDED ATTRIBUTES 

PAYOFF 

RISK 

TIME RANGE 

TO attainment 

PCiiER CONDITION- 
ING 

LOW PRICE. 

HIGH F r F I C I ENCY 

I 

L 

S TO I 

CONTROL. 

PROTECTION 

LOW P r »CF. SIMPLE 

» 

A 

L 

s 

ENERGY STORAGE 

LOW PRICE 
LONG LIFE 
HIGH EFFICIENCY 
HIGH DISCHARGE RATE 
DEEP CYCLE CAPABILITY 

VH 

H 

L 

FIEID INSTALLATION 

LOW PRICE 

VH 

VH 

? 

HIGH-RATIO 

CONCENTRATOR 

LLW °R ICE 
IOW MAIN, -NANCE 

I 

H 

I 

AUXILIARY ENERGY 

LOW PkICI. 

H to VH 

VH 

L 


S - SHALL OR SHORT H = HIGH 

I - INTERMEDIATE. VH * VERY Hie 


L = LONG 

Risk * inverse probability for 

ATTAINMENT OF EXPECTED P.V"ir- 
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Research Needs on Modules 


ITEM 

NEEDED ATTRIBUTES 

PAYOFF 

RISK 

TINE TO 
ATTMfflEIIT 

CELL (HANUF'6 

process) 

COST REDUCTION 10-20 TIMES 

VH 

I 

S TO I 

CELL 

EFFICIENCY INCREASE 
25 TO 66Z SlhPLE CELLS 
TO 3001 MULTI -BAND6AP 
SYSTEMS (WILL REQUIRE 
MODIFIED CELL PROCESSING) 

VH 

vi 

S TO I 
L 

MODULE 

l 20 YEAR LIFE 

> COMPATIBLE? 
COST REDUCTION J 

VH 

1 

1 TO L 


Current Status of Major Module Processes 


Technology Area Approach 

Silico n So las/hcpules: 

Lon cost S,H 4 process 

Purification 


Expected Results 


'IM.-/K6 

Sen i conductor- 
grade Si 


Si H2CL2 process 


'$25. -/kg 
Sen 1 conductor 
grmDE Si 


Sheet Generation 


(Seni-) Continuous 
Automated Cz X-tal 
growth 

Senicr' stal Si 


Slicing 


Ribbon growth: 

EFG 


150kg/crucible, 
15 CN DIA 

Loner cctT than 

CZ, COMPARABLE 
PERFORMANCE 

High throughput , 

LON KERF, LON 
COST 

LOW COST, Cz 
CONPAT I BLE CELL 
PERFORMANCE 


Status 


Private industry (Union Carbide) 

GOES INTO PILOT PLANT OPERATION. 


Private ndustry (Hemlock 
Semiconductor converts existing 
S1HCL3 plant 

Nearly production ready 
Bottleneck: slicing 

Production cost/perfornance 
experience needed. 

Bottleneck: slicing 

Little advancement. 

Problem area. 


Pilot production 
C-J u efficiency still 

TOO LON 
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OF POOR QUALITY 


ItCHMQLCKiY Area 

Approach 

Expected Results 

Status 


Web-dendrite 

Lon cost, Cz 
compatible cell 

PERFORMANCE 

CZ COMPATIBLE EFFICIENCY PROVEN. 

Only material nith internal 

BETTERING. 

Pre-pilot stage. Production 

COST EXPERIENCE NEEDED. 

Will private industry no ahead? 

Cell Fabrication: 

Process simplifi- 
cation, BY-PROD^t 
REDUCTION, AUTOMA- 
TION 

$0.5 TO 1.5/Wp 
NODULES OF H-17X 

EFFICIENCY 

Considerable technology advance- 
ments MADE. 

■'■ilO/Wp AT 7-12!? E t_t ICIENCY . 
Continued slon progress in 

PRIVATE INDUSTRY. 

Stagnation at a price level of 
5-10$/Wp AHEAD? 

Module Assembly 

Better material 

SELECTION, AUTOMA- 
TION 

DTO 

20- YEAR LIFE 

DTO 

Cost/life trade-off uncertain. 

a Si 

Thin c ilm processes, 

LON-COST ENCAPSULA- 
TION 

< $0.5/V p 

LIMITED EFFI- 
CIENCY 

Research stage. 

Production in Japan for calcu- 
lator/natch MARKET 

Al x 6ai_j(As/6aAs 

Single X-tal cells. 

Higher efficiency 
than Si cells, 
superior high 

TEMPERATURE PER- 
FORMANCE, BETTER 
RADIATION RESIS- 
TANCE FOR SPACE 
CELLS 

Pilot line quantities available 
Primarily concentrator and 

SPACE CELLS. 

May form component in multi- 

BANDGAP SYSTEM 

CU2S/CDS Cells 

iHIN FILM PROCESSES, 
LON-COST ENCAPSULA- 
TION 

< $C.5/W p . 

LIMITED EFFI- 
CIENCY, LIFE 

Technology being abandoned? 

G^InSe/CdS Cells 

DTO 

HIGHER EFFICIENCY, 
LOLGER LIFE THAN 

Lu^-S/CdS 

Research stage, may form 

COMPONENT IN MULT I -BANDGAP 
SYSTcM, 

All other com- 
pound SEMICON- 
DUCTORS 

Mostly tmn film 

PROCESSES 

Mostly lon cost 

Various levels of research. 
Likely redundant with further 

ADVANCED APPROACHES. 

Some candidates for multi- 

BANDGAP SYSTEMS. 
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OhiuHiAL rAuc Id 

OF POOR QUALITY 


Who F ays What Research? 




L0N6 RANGE. HIGH RISK 

SHORT RANGE. LOW RISK 

IN BETWEEN 

GOVERNMENT 

MANUFACTURING INDUSTRY 

MANUFACTURING INDUSTRY 

GOVERNMENT 

GRADUAL PROCESS ADVANCEMENT. 

SOME THIN FILM APPROACHES 

Sl-CELLS: EFFICIENCY >20X 

AUTOMATION FOR COST REDUCTION. 

(HOW LONG. IF MARKET DOES NOT 

(AMD 


DEVELOP SOON?) 

MULTI-BANDGAP SYSTEMS 



GRAIN BC'JNDARY RESEARCH 

SMALL STEPS TO EFFICIENCY 


THIN FILE. DEVICES (?) 

IMPROVEMENT. EXTENSION OF 
OPERATING LIFE 

?WH0? 

batteries/fuel CELLS 

GRADUAL POWER CONDITIONING 

RADICAL PROCESS ADVANCEMENT 
RELIABILITY DEVELOPMENT 
STANDARDIZATION 

MANUFACTURING INDUSTRY 

PR' ’TRESS 

A-Sl APPROACHES 

CONCENTRATORS 


FIELD INSTALLATION 



Identifiable Research Needs for Efficiency Improvement 


SINGLE CRYST AL Si CELLS 


Goal 

Needed Understanding 

Further Actions 

Longer minority 

CRYSTAL STRUCTURE. 

Process Control 

CARRIER LIFETIME Si 

ROLE OF IMPURITIES 

IN CRYSTAL 


(heavy METALS?) 
ROLE OF COMPLEXES 
(02> C, STRUCTURE 

DEFECTS?) 

(ribbon) growth 


ORIGIN OF DEFECTS, 
IMPURITIES 

INTRODUCTION MECHANISM 
OF DE C ECTS, IMPURITIES 
POTENTIAL AND LIMITS OF 
GETTER I NG 

INFLUENCE OF POST-GROWTH 

PROPER POST-GROWTH 


HEATING, LIGHT 

PROCESS SELECTION 
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Goal Needed Under stand ins Further Actions 

Single Crystal Si Cells, continued 


SURFACE PASSIVATION 

EXACT MECHANISM 

process develop- 


REQUIREMENTS ON PASSIV- 
ATION LAYERS 

HAYS TO MEET REQUIREMENTS 
OPTICAL PROPERTIES OF 
PASSIVATION LAYERS 
Interactions with AR 
COATINGS 

ment 

ATTAINMENT OF PRE- 

EFFECTS RESULTING FROM 


DESIGNED DEVICE 

INDIVIDUAL PROCESSES 


STRUCTURE 

(diffusion, CVD or LPE 

EPI, ETC) 

"low temperature* pro- 
cessing FEASIBLE? 
Lifetime maintenance 
throughout processes? or 

RECOVERY? 

simpler Process Methods? 


'Closed Loop Design” 

Analysis: all parameters 
which influence performance 
OR ENTER MODELLING 
LACKIN6: 

Reliable measurements of 



FRONT LAYER DIFFUSION LENGTH; 

Measurement of: 

DIFFUSION LENGTH OF MORE 
HEAVILY DOPED LAYERS; 
EFFECTIVENESS OF HIGH/LOW 

junctions; 

FRONT SURFACE RECOMBINATION 
VELOCITY, 

TWO METHODS BASED ON COM- 
PLETELY DIFFERENT EFFECTS 
SHOULD BE AVAILABLE FOR COR- 
ROBORATION OF RESULTS. 

Understanding of heavy-doping 

EFFECTS TO ALLOW MORE PRECISE 
MODELLING, ASCERTAIN ULTI- 
MATELY ACHIEV*",LE EFFICIENCY. 


POLYCRYSTAL DEVICES 

All the above, plus: 

EFFECTS OF GRAIN BOUNDARIES 
ON DEVICE PERFORMANCE; 

CONTROL OF ELECTRICAL EFFECTS 
OF GRAIN BOUNDARIES 
DEVICE DESIGN TO MINIMIZE 
EFFECTS OF GRAIN BOURNDARIES 
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Needed Understanding Further Actions 


Compound Se miconductors 
(INCL. AMORPHOUS Si :H> ETC) 

All of above, except for grain 

BOUNDARIES, WHERE NOT APPLICABLE. 

Plus: Level of existing knowl- 
edge GENERALLY MUCH LONER THAN 
FOR Si 

Effects of stochiometry devia- 
tions. 

Control of fabrication processes. 


flULTI-BAHMAP SYSTEMS 

All of above; except for 

GRAIN BOUNDARY EFFECTS, WHERE 
NOT APPLICABLE. PLUS: 

Interfaces between cells of 
DIFFERENT BAMDGAP (TUNN EL- 
JUNCTIONS?) 

PROBLEMS OF MISMATCH BETWEEN 
CELLS UNDER DIFFERING INTENSITY, 
SPECTRAL DISTRIBUTION CAM), 
TEMPERATURE, 
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Proven Winner 
Challenger 
“Dark Horse' 


r ' :x j'.vu— Is3 

OF POOR QUALITY 

The Technology Race 


Goal 


Attributes 

— i — ...« — —i 1- 


r — i 
i > 

i i 


f 


Nay net yet 
be recognized 
['invented") 


Oa 

□H A A 

Status at « J/Ven lime 


a ri 

M I I 
La Li 


LA 


H 
' I 
Li 


% 

Relative 

Support 

Allocation 


J 


Hay be 
moving' 


2 


A Hurdles (partly recognized) 

A , .. 

L \ Stoppers (unrecognised) 
Lj Perceived Limits 



